Article abstract-Neurologic injury subsequent to decompression from diving may be due to paradoxical arterialization of venous gas emboli. Of 40 divers who performed 53 open water dives after being tested for a patent foramen ovale (PFO), arterial gas emboli were detected in 7 of 13 dives, which resulted in venous bubbles. In five of these seven dives, there was evidence of a PFO by contrast transcranial Doppler sonography, indicating an increased risk of arterializing venous bubbles in divers with a PFO.
Neurologic injury subsequent to decompression from diving is presumed to be due to the thrombogenetic effect of venous bubbles in the epidural venous plexus surrounding the spinal cord causing venous stasis and spinal cord ischemia in the thoracic region. The role of arterial gas emboli in certain forms of severe or early onset decompression sickness with widespread neurologic manifestations remains unresolved. The occurrence of potentially harmful arterial bubbles after decompression from simulated chamber dives has recently been reported in two divers with a patent foramen ovale (PFO).
1 A PFO as the most common intracardiac right-to-left shunt is considered a risk factor for decompression illness in divers, as it may allow the bubbles to bypass the pulmonary circulation. To investigate the amount of venous and arterial nitrogen gas bubbles following routine open water dives, we conducted a preliminary field study performing arteriovenous Doppler sonography in sport divers. Divers were tested for PFO using transcranial Doppler sonography with echocontrast (cTCD) prior to the dives. The association between PFO and the occurrence of arterial bubbles was studied.
Subjects and methods. Forty healthy sport divers (36 men, 4 women; mean age 35.2 years, range 21 to 54 years), who had been recruited voluntarily from two local diving clubs, were studied. They had been cleared for diving and were examined by a neurologist before and after the dive. Delayed diving-related symptoms were assessed by telephone after 24 hours. Four divers had compensated arterial hypertension and one subject reported mild chronic tinnitus. Two divers had a history of decompression sickness (DCS). cTCD was performed 2 hours before diving using a Doppler device (DWL, Sipplingen, Germany). The middle cerebral artery was insonated with a 2.0-MHz probe. Echocontrast agent (Echovist; Schering, Berlin, Germany) was injected as a bolus into the cubital vein 5 seconds before a Valsalva maneuver. A right-to-left shunt was presumed if more than three microembolic signals (MES) were detected. Then cTCD was repeated without Valsalva maneuver.
Thirty-one divers performed one dive each; nine divers performed two to three dives. A total of 53 dives in a cold lake (mean bottom temperature 8°C, range 4 to 13°C) with self-contained underwater breathing apparatus (SCUBA) using compressed air were monitored. Dives accorded to individual dive profiles being controlled by a dive computer (Aladin Air X, Uwatec, Germany). The ascent instructions given by the computer were strictly followed. Depths ranged from 15.2 to 44.8 m (mean 28.9 m) and dive times ranged from 32 to 40 minutes (mean 31.2 minutes). All dive profiles were within the limits of the US Navy air decompression tables.
3
Arteriovenous Doppler sonography was carried out 30 minutes postdive with the subjects in the supine position. They were advised to perform a Valsalva maneuver and a maximal contraction of their leg muscles every 2 minutes to provoke release of venous nitrogen bubbles. Doppler examinations focused on the middle cerebral artery and the subclavian vein simultaneously for 10 minutes. Both signals were stored on digital autio tapes and evaluated offline by two blinded observers, the MES being counted as an agreement decision. Interobserver variability was Ͻ0.3/ minute (arterial MES), Ͻ0.25/minute (venous MES), and Ͻ2 (cTCD). Identified MES correlated between observers by r ϭ 0.98. A venous bubble load of more than 0.5 MES/ minute was considered significant.
Mean depth of dives with and without a significant venous bubble load were compared using the MannWhitney U-test (SPSS software; Chicago, IL).
Results. Eleven of 40 divers had evidence of a PFO by cTCD (prevalence: 27.5%). The number of MES ranged from 3 to 75 (mean 40.0). Six divers had right-to-left shunting at rest. Both divers with a history of DCS had a negative cTCD. All dives were performed successfully without any clinical signs of decompression illness. No delayed symptoms were reported. Thirteen of the 53 dives (24.5%), which were performed by 11 different individuals, resulted in a significant venous bubble load (table). In one diver, venous bubbles were detected after three dives. Diving experience of these 11 divers ranged from 34 to 2000 dives (mean 579.5 dives). The mean maximum depth (33.9 m; SD 5.7) of the 13 dives that resulted in venous bubbles was significantly higher than that of those with no venous bubble load ( p Ͻ 0.05). After 7 of the 53 dives (13.2%), arterial bubbles were detected in six different divers. Arterial bubbles occurred only in dives that resulted in venous bubbles.
In four of seven dives in which venous bubbles occurred and a PFO was present, arterial bubbles were seen. In contrast, in only two of six dives in which venous bubbles were present, and no PFO was found, were any arterial bubbles detected.
Discussion. Arterial bubbles were frequently found in divers with venous bubbles and a PFO, and there was evidence of arterial bubbles in divers who had no evidence of a right-to-left intracardiac shunt by cTCD. Venous and arterial bubbles were recently 1 detected in two divers with a PFO after decompression from simulated repetitive hyperbaric chamber dives, supporting the concept of paradoxical gas embolism as the cause of early-onset DCS. Arterialization of venous bubbles as a result of paradoxical embolism may lead to occlusion of end arteries throughout the body and cause serious morbidity or death. Because the Valsalva maneuver or other procedures that raise intra-abdominal pressure being performed by divers during and after dives are known to enable passage of gas bubbles through a PFO, it has been speculated that divers with PFO are at increased risk of experiencing DCS or silent arterial gas embolism.
In epidemiologic studies, divers with a PFO have been shown to be at increased risk of an early onset 4 as well as cerebral 5 DCS. Evidence of arterial gas bubbles following open water dives, however, has not yet been reported. In 17 commercial divers who performed dives to depths between 3 and 50 m that were strictly adherent to the US Navy diving tables, there were four divers with a PFO by cTCD, but no arterial bubbles could be observed. 6 Monitoring of venous bubbles was not reported. The occurrence of venous bubbles, however, is a prerequisite for the detection of arterial bubbles, as has been confirmed recently 1 as well as in the current study. We detected arterial bubbles in two divers after dives with a significant venous bubble load who had a negative cTCD. In a follow-up examination after several months the negative cTCD was confirmed. The limited sensitivity of the cTCD when compared with contrast echocardiography 7 or the possible passage of gas emboli by extracardiac shunts may account for this finding. The intra-arterial formation of nitrogen gas bubbles seems less likely because the high hemodynamic pressures complicate bubble formation. The observation of arterial bubbles after scuba dives, however, may account for those cases of neurologic injury following diving that do not easily allow themselves to be interpreted as air embolism from pulmonary barotrauma or myelopathy from venous occlusion secondary to venous stasis and thrombosis caused by bubbles.
Eight of the 13 dives that resulted in venous bubbles were decompression dives and two dives were repetitive dives that might have put the divers at risk for developing bubbles. Our results underline the thesis that not the patency of the foramen ovale but the occurrence of nitrogen bubbles in the vasculature is the basic problem. The detection of arterial bubbles in five of seven diving exposures in which the diver had a PFO, however, indicates that a PFO represents an additional risk factor in the presence of significant venous bubble loads. Those divers who routinely perform high-risk dives therefore should be screened for a PFO using cTCD. 
